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(-H This is a pedagogical and self-contained review on obtaining electroweak precision con- 

straints on TeV scale new physics using the effective theory method. We identify a set of 
relevant effective operators in the standard model and calculate from them corrections 
to all major electroweak precision observables. The corrections are compared with data 

^ ' to put constraints on the effective operators. Various approaches and applications in the 

C 3 literature are reviewed. 
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1. Introduction 

Electroweak precision test^'j"'^ (EWPTs) performed in the last few decades have 
achieved great success in establishing the standard model (SM) as the correct de- 
scription of electroweak physics. Nevertheless, we are certain the SM is incomplete 
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C^ ' and expect new physics to appear at the TeV scale. The lack of experimental devi- 

ations from the SM predictions does not rule out TeV scale new physics. Rather, it 
provides us guidance on the directions we should pursue. The purpose of this review 
is to provide readers quick access to necessary knowledge and tools for constraining 
various extensions of the SM. 

In order to be model independent, we adopt the effective field theory- (EFT) 
approach. EFT is a powerful tool when there is a distinctive scale separating the 
low energy and the high energy dynamics. The basic ideal is that the low energy 
physics can be described by an effective Lagrangian containing a few degrees of 
freedom which are not sensitive to extra degrees of freedom related to the details of 
the high energy physics. Fermi's theory of weak interaction is a well known example. 

For our purpose, given a TeV scale model, we first integrate out all new physical 
states and obtain a set of effective operators involving the SM fields. These opera- 
tors are added to the SM Lagrangian and introduce new interactions among the SM 
particles. Consequently they contribute to electroweak observables (EWPOs) and 
cause deviations from the SM predictions. Since that the experiments agree with 
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the SM remarkably well, the deviations must be small. This is where the constraints 
come from. The key observation in favor of the effective theory approach is that 
the relevant effective operators are actually much fewer than the vast possibilities 
of physics beyond the SM. Therefore, it is natural to reverse the above procedure, 
namely, we first calculate constraints on all possible effective operators (and oper- 
ator combinations) without specifying the model. Once this is done, the remaining 
work for constraining a given model is to obtain the operator coefficients in terms 
of parameters in that model. In this approach, one needs to make contact with ex- 
perimental data only once. In this review, we will show how to calculate corrections 
to EWPOs from the effective operators, assuming arbitrary coefficients, while refer 
readers to Ref. 15j on how to obtain operator coefficients from an underlying theory. 
Schematically, the effective theory can be written as 

£ = £sM -l-^aiOi, (1) 

where Csm is the standard model Lagrangian and Oi 's are operators containing only 
the SM fields. Since we are interested in extensions of the SM, we assume that Oj's 
respect the SM gauge symmetry. Below the new physics scale, all effects of the new 
physical states are encoded in Oi's. Of course one can only work with operators to 
a given order and higher order operators have to be truncated. The power counting 
depends on whether the electroweak symmetry is linearly or non-linearly realized. 
For the former, Csm is renormalizable and the electroweak symmetry is broken 
by the vacuum expectation value (vev) of a Higgs doublet. The power counting is 
determined by the canonical dimensions of the operators Oi, 

C = Csm +Y.a, O, = Csm + ^ ^^ O, , (2) 

where Ui is the dimension of Oi, Ci's are dimensionless parameters and A is an 
energy scale of O(TeV). For the non-linear case, the SM spectrum does not contain 
a light Higgs boson and Csm is a non-linear sigma model. In this review, I will 
concentrate on the linear case while also explain how to translate the results to the 
nonlinear case. 

The effective theory breaks down if the new physics contains physical states 
much lighter than 1 TeV. For example, the mass of the lightest neutralino can be as 
low as ~ lOOGeV in the minimal supersymmetric standard model (MSSM). In this 
case, there is not an energy scale that distinctly separates the new physics from the 
SM, and an EFT without the new states is not well defined. Nevertheless, the new 
states do not appear in initial or final states in any of the EWPT processes and 
their dominant contributions can often be captured in a few effective operators. 

With the effective Lagrangian ^ defined, the theoretical prediction for a given 
observable X can be written as 

Xth{ai) = Xsm + ^ fliXj, (3) 

where Xsm is the SM prediction including loop corrections, which can be found 
in the literature!^"^. Xi is the correction to X from the operator Oi. The current 
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experimental precision allows us to keep only the corrections linear in the operator 
coefficients a^. Most of the review will be devoted to the calculation of Xi, for all 
well measured EWPOs. 

After obtaining Xth, we can compare the theoretical predictions with the mea- 
sured values of X and get constraints on the coefficients a.;. The constraints are 
conveniently given in the x^ distribution, 

^2(„^)^y^&M^^£^, (4) 



X 



'X 



where X^xp is the experimental value of X, and ax includes both experimental and 
theoretical errors. In practice, the above expression is complicated from correlations 
between different observables. At this step the advantage of the effective theory 
approach is manifest: all relevant experimental information has been collected in 
the x^ distribution, which is a simple quadratic function of the operator coefficients 
a-i- 

There have been many analyses using the effective theory approach in the 



literature . The oblique parameters'---'"'^ are perhaps the best known exam- 

ple. The results are often given in different bases or conventions. In this review, 
we will adopt the basis in Ref. [6l where all independent dimension-6 operators of 
the SM are included. They are discussed and trimmed according to our needs in 
the next section. In particular, we will identify the operators relevant to EWPTs. 
Section [3] contains a summary of the EWPOs included in this review. In Section 
m we calculate corrections to EWPOs from the effective operators. The constraints 
are then given in Section [5l The analysis largely follows Ref. [HI Section [6] contains 
a few discussions, including translations between different bases and conventions. 



2. Effective Operators 

2.1. The standard model Lagrangian 

For establishing the notation and later convenience, we give explicitly the SM La- 
grangian, 

CsM = -^G^.G^'' - \w^,W^''' - ^Bp.S'^" 

+ {Df,hy{D>'h) + m^h^h - ]:\{h^hf 

+ilpl + iepe + iqpq + iupu + idpd 

+{Yjeh + Yuquh + Ydqdh + h.c.), (5) 

where G^^, W^,y and B^,y denote gauge field strength of the SM gauge groups 
5'f/(3)c, SU{2)l and ^7(1)^', respectively. For simphcity, we have assumed there is 
only one Higgs doublet, denoted by h. The number of Higgs doublets is irrelevant 
for corrections to EWPOs at tree level, since all their contributions are through the 
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electroweak breaking vev, 

with V = 246GeV. The left-handed fermion doublets are denoted q and I and the 
right-handed singlets u, d and e. For simplicity, we have omitted the corresponding 
subscripts L and R and also the flavor indices. 

Variations of the SM Lagrangian with respect to the fields give us equations 
of motion, which we can use to eliminate redundant operators^. Two of them will 
prove useful in our discussion later, which are listed below. They are obtained by 
varying W^ and i?^ respectively. 

{D^W•'^')'' = -^g{ih^lD''a''h + l-f'^a"! + q-f^'a^q), (7) 

a.B^^ = -Ig'iih^V'^h) - g'Y^YfJrf, (8) 

/ 

where g and g' are gauge couplings of SU{2)l and U{1)y- Yf is the hypercharge of 
fermion /. 

Substituting the Higgs vev in the SM Lagrangian, we arrive at the mass eigen- 
states, 

Z^ = cW;^-sB^, A,, ^ sW';", + cB^, W^^^{WlT^Wl), (9) 

where 

s = s\new= , =, c = cos 6*14^= =. (10) 

V.g' + 9' V.9' + .9' 

Then the couplings between gauge bosons and fermions can be read from the co- 
variant derivative, 



D^ = a,. - igW;,T' - iYg'B, 



9^ - i^(VF+T+) - i—Z^,[T^ - s'Q) - ieA^Q, (11) 



where Q is the fermion charge and 

gg' 



Vg^Tg^' 



(12) 



f f 

It is often convenient to write the Z-fermion couplings in terms of gy and g^^ as 
defined by 

^ = ^7i''igv-gWnfz,- (13) 
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The SM values for gy and g^^, denoted g^Q and gj^Q, are given by 



(14) 
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2.2. 

Usually, experiments considered as EWPTs conserve CP, as well as baryon and 
lepton numbers. Constraints on processes violating these symmetries are very strin- 
gent, indicating that they are irrelevant to TeV scale physics. For example, operators 
contributing to proton decay have to be suppressed by the grand unification scale or 
higher. CP violating operators that contribute to K — K mass difference or l epton 
electric dipole moment are typically suppressed by a scale of 10'^ to 10'* Te V I i 
Therefore, it is convenient to restrict us to operators conserving CP, and baryon 
and lepton numbers. 

Similarly, constraints on flavor violating processes are also stringent (with the 
exception of processes involving the third generation). In the lepton sector, the 
limits on /i — > 67 decay implies 10** TeV suppression for contributing operators^. 
In the quark sector, limits on new physics sca le obtained from a variety of AF = 2 



processes are also above 10'^ to 10** TeV^. Therefore, we will assume that the 
operators, and therefore the observables included in this review all conserve flavors. 

The only dimension-5 operator that respects the SM gauge symmetry is the 
neutrino Majorana mass operator, which does not conserve lepton number and is 
irrelevant to EWPTs. Not counting flavors, there are 80 independent dimension-6 
operators that conserve baryon and lepton numbers^, out of which 28 violate CP. 
We will go through the remaining 52 operators in this section and identify those 
contributing to the EWPOs. 

For our purpose, it is enough to consider dimension-6 operators only. Dimension- 
7 operators do not contribute to EWPTs at tree level, and we do not need to go to 
dimension-8 or higher. The reason is the following: compared with the SM contri- 
bution, the corrections from operator Oi is suppressed by (w/A)"'^"' or (iJ/A)"'""* 
where E < O(200)GeV is the energy scale involved in the EWPTs. For dimension-6 
operators, this suppression is roughly equal to the experimental precision of the 
EWPOs when A is a few TeV. The suppression factor is much smaller for the 
dimension-8 operators which makes their contributions to EWPOs negligible unless 
they have extraordinarily large coefficients. 

The above reasoning indicates that when calculating the corrections to the EW- 
POs from the dimension-6 operators, we only need to work to the linear order in 
flj — Ci/A^, since the quadratic corrections are much smaller and therefore can 
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be neglected. This means we only need to work at tree level for those operator^- 
Moreover, when calculating from the matrix element to the cross-section, only the 
interferences between the SM Feynman diagrams and diagrams induced by new 
operators are important. This important observation will be used to reduce the 
number of operators. 

The linear-order assumption also helps us understand why we only need the vev 
of the Higgs doublet: the physical Higgs boson contributes to EWPOs only at loop 
levels, any corrections to the Higgs mass or coupling from dimension-6 operators will 
be suppressed by an extra loop factor when calculating the corrections to EWPOs 
and therefore negligible. 

The 52 dimension-6 operators that conserve CP are enumerated below. The 
naming scheme follows Ref. lU with small changes in the notation. We will identify 
those that are relevant to EWPTs by general arguments in this section. More de- 
tailed calculations are presented in Sec. [H If the analysis here is too sketchy for the 
reader, it should become clear later on. 

(1) Vectors only 



Ow = e'^^'^W^'^Wl^Wl^ . (15) 



The two operators affect triple gauge couplings. At tree level, the former only 
affects pure hadronic processes, which are not measured as well as EWPOs. 
Therefore, only the operator Ow is interesting to us. 
(2) Fermions only 

(a) LLLL operators 



og''^ - l{qr<j''q){qi^<y''q), of/' = l{qr^^<j''q){qi^.^^^''q), 

Oll^ = l(iri){qi,q), og' - l([r<^'^l){q^^a^q). (16) 



^The exception is muon (g — 2) discussed later. Due to the high precision of this measurement, 
loop level diagrams are also important. 
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(b) RRRR operators 



Oee = -(e7''e)(e7^e), 



O'^al = \{drdm,d), of} = \{d\^rd){d\^l,d), 

Oed = (e7^e)(d7,,d), 

O^^l ^liurum.dl 0i'}^liuX^ru)(d\^j,d). (17) 



(c) LLRR operators 

For convenience, we have changed the form from LRRL in Ref. 6 to LLRR 
by using the Fierz transformation 

Oie = {iri){n^e), 
Olu = {h''i){u-f,,u), 

Old = {h''l)(dl^d), 
Oqe = (g7^(7)(e7^e), 

0^'i = (g7''9)(rf7prf), of; = (g7^A-4g)(d7MA^d), 

Oqde - (17^9) (^7^6). (18) 

(d) LRLR operators 

0« = e"''(r«)(g'd), 0(«) = e'^''(rA^i.)(rA^d), 

O;, = £«"(!%) (g^). (19) 

Again we can safely ignore those operators containing four quarks. For the 
operators Oqde and Oiq, they contain pieces eLeRdudh and eLeRULdn that 
contribute to the process e^e~ — > hadrons. However, the corresponding SM 
contribution are highly suppressed by electron and quark Yukawas, which are 
negligible. Since we are only interested in interferences between the SM and the 
new physics, the contributions from Oqde and Oiq are negligible too. Thus the 
interesting operators are: 0\}\ Olf', O^y , O^y, Oee, Oeu, Oed, Oie, Oiu, Om, 

Oqe. 



(3) Scalars only 



Oh - \{h^hf, 

Ooh = ^d^{h^h)d^{h^h). (20) 
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The two operators affect the Higgs mass and self-coupling, which are negligible 
as explained earlier. 

(4) Fermions and vectors 

Oiw = fld-^^^D'^lW^,, OiB = ih^D'^lB^,, 

OgG = iqX^Y'D"qGAt.u, 

Oqw = iga'^Y'D^'qW;,, OgB = iq^D^qB,,,, 

OuG = tuX^j^D-uGf,,, 

OuB = iu-f'^D-'uB^,, 

OdG - tdX^ro-'dG^,, 

OdB = idYD^'dB^,. (21) 

At first sight, these operators alter couplings between the gauge bosons and 
the fermions. However, the couplings are imaginary compared with the SM 
couplings. Therefore the SM diagrams do not interfere with the new diagramsO 
In this case, corrections from these operators can be ignored. 

(5) Scalars and vectors 



OhG^ 


= i(/.t/,)G;t.G^"^ 




Ohw- 


- i(/l^/^)w^;.w-'^^^ 




OhB = 
OwB 


= ^{h^h)B^,B^^\ 
= {h^a'^h)W;,B'^'', 
= {h^h){D^h^D>'h), 


Of 



(Oh) = ih^D''h){D^h^h). (22) 

When h acquires a vev, the operators OhG, Ohw, OhB, Oj^ yield corrections 
to the kinetic terms for G^,y, W^,y, S^^ and h, which can be absorbed by field 
redefinitions. Therefore, they do not contribute to EWPOs at the order 1/A^. 
The other two operators Owb and Of^ ' (simplified as Oh in the rest of the 
review) modify the gauge boson propagators. Indeed, they correspond to the 
well-known oblique S and T parameters. One also notices that Owb contains 
corrections to triple gauge couplings. 
(6) Fermions and scalars 

Oeh = {h^h){leh), 

Ouh = ih^h){quh), 

Oeh = {h^h){qdh). (23) 

''An exception is, at the Z-poIe, the Z-exchange diagrams with the new coupUngs do interfere with 
the SM 7-exchange diagrams and vice versa. However, these interferences are suppressed further 
by Tz/Mz besides the factor v^ / h? . Therefore, they are negligible too. 
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The effects of these operators can be absorbed in the SM Yukawa couphngs and 
therefore do not make any contribution. 
(7) Fermions, gauge bosons and scalar 

(a) One derivative 

Ol^i^ ^iih^D^h){hn) + h.c., 

O'jfi^ = i{h''D^a''h)(lj''a''l) + h.c, 

Oh, = i{h^D^h){ej^'e) + h.c., 

0\ll^l{h^D^h){q^^^qq) + h.c., 

0|J = i{h^D^a'^h){q^^o^q) + h.c, 

Ohu = i{h^Df,h)(u-f''u) + h.c, 

Ohd = iih^D^h)(d-f''d) + h.c, 

Ohh - i{h^eD^h){u-i''d) + h.c. (24) 

When h gets a vev, these operators modify the gauge-fermion couplings 
and therefore are important for our calculation. It is worth noting that 
the operator Ohh induces a coupling in the form W^UR'y^dR + h.c which 
is absent in the SM. In other words, there is no interference for diagram 
containing this coupling and the SM diagram. Therefore, we expect loose 
bound on the operator Ohh- 

(b) Two derivatives 

Odc = {lD^e)D^h, O^^ = {DfJe)D^h, 

Odu = {qDt.u)D^h, 0^„ = iDf,qe)D^'h, 

Ood = {qDf,d)D^h, Ojja = {D^qd)D^'h, 

Oew = (Ia^V^e)/iW;„ OeB = (la^''e)hB^,, 

OuG - {a^^X^uyhG^,, 

Ouw = iW'"''(^"u)hW;:„ OuB = {qa^^'ufhE^,, 

OdG = {w^''X^u)hG^,, 

OuW = {W^''a''u)hW;,, OuB - {qa^''u)hB^,. (25) 

Like operators in Eqs. ([M]) . Hcrmitian conjugate should be added to each 
operator above. Most of these operators do not have a tight bound from 
EWPTs. They all produce couplings absent in the SM in the tree level and 
therefore do not interfere with the SM diagrams. The exception is OeW 
and OeB, which contribute at tree level to the lepton (5 — 2). Indeed, the 
precision for electron and muon {g — 2) measurements are so good that 
if we naively take the operator coefficients to be 0(1/A^), the bound on 
A will be larger than 100 TeV. Usually, the contribution from TeV scale 
physics is suppressed by both the loop factor and the lepton mass, which 
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makes it too small to compare with the experiments for the electron 5 — 4j 
and the bounds from muon g — 2 comparable to the other EWPOs. Other 
dimension-6 operators can also make sizable contributions to muon [g — 2) 
at one loop level. We will come back to this observable later. 

The relevant operators are summarized below. Following Ref. [Ml we have simplified 
the notation by replacing superscripts (1) and (3) with s and i, denoting singlets 
and triplets respectively. 

(1) Operators that modify gauge boson propagators 

OwB,Oh. (26) 

(2) Operators that affect tree level SM gauge-fermion couplings 

Ol,,Oii,OHe, 0,%, 0,%, Ohu. Oud. (27) 

(3) Four-fermion opertors 

Ofli Oii,Olq, Oiq, Ole, Oqe,Olu, Old, Oee,Oeu,Oed- (28) 

(4) Operators that modify triple gauge boson couplings 

OwAOwb). (29) 

(5) Operators that modify lepton g — 2 

OeW,OeB. (30) 

We have not specified the flavor structure for the above operators except the 
assumption that they conserve flavors. Flavors can be conserved separately for each 
generation. In this case, each of the Oi's actually corresponds to several operators 
with different flavors and independent coefficients. This is the most general case. 
However, it requires the quarks in the operators to be mass eigenstates. Therefore 
the new physics must be aligned with the Yukawa matrices, which seems unnatural 
and is difficult to realize. A simpler option is imposing flavor universality for the 
effective operators. This is natural for flavor-blind new physics, for example, a Z' 
gauge boson that couples to all generations universally. In this case, each Oi corre- 
sponds to several operators with different flavors but the same coefficient a^. The 
operators should be understood to be contracted over flavor indices (in the 4-fermion 
operators, flavor indices are contracted over fermions (12) and (34) respectively. In 
the following analysis, unless specified, we will assume flavor universality. Neverthe- 
less, calculations for flavor universal and non-universal cases are very similar and it 
is straightforward to translate from one case to the other. 

Flavor universality is assumed in the analysis of Ref. [TH It is realized through 
a global C/(3)^ symmetry, with each f/(3) corresponds respectively to each of g, Z, 
u, d and e. Under the U{i), fermions and antifermions transform as fundamental 

'^Electron g — 2 \s one of the measurements from which the input parameter a is determined. 
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and anti-fundamental representations. This is the largest symmetry of the fermion 
kinetic terms in the SM, i.e., the symmetry when the Yukawa couplings are turned 
off. This symmetry not only guarantees flavor universality, but also forbids some 
of the operators discussed above, for example, Oqde = (Jl^Q){djfj,e), because left- 
handed fields and right-handed fields transform under different f7(3)'s. Most of those 
operators do not interfere with the SM, and therefore have already been excluded 
from the list Eq. (pS|) - ([50)) . The only exception is the operators Oes and O^w, which 
contribute to the muon g — 2, but is excluded in Ref. |14! In this review, we will 
quote results from Ref. 1 141 whenever is appropriate, and also include discussions on 
the muon g — 2. An alternative flavor symmetry is discussed in Section [6l 

Following a summary of the electroweak observables in the next section, we will 
consider one by one the operators in Eqs. (|26p - ((30|) and calculate their corrections 
to the EWPOs in Section [H 

3. Experiments 

As mentioned before, measurements included in this review do not contain those 
violating CP or flavor symmetries. The observables, together with their experimen- 
tal values and SM predictions arc summarized in Table [TJ The experimental values 
and the SM predictions are excerpted from Ref. H] except LEP 2 measurements. 
Multiple measurements for the same observable have been combined. We will give 
more information for each observable when calculating corrections from the effective 
operators. The information included in this review is minimal for understanding the 
calculations. It is strongly recommended that readers consult more comprehensive 
reviews for further details . 

Not shown in Table [1] are three most precisely measured observables: the fine 
structure constant a, Fermi constant Gp determined from muon lifetime and the Z 
boson mass measured at LEP 1. The experimental values are^ 

a = 1/137.03599911(46), Gp = 1.16637(1) x 10-5GeV~^ 

Mz = 91.1876 ± 0.0021GeV. (31) 

Not counting Higgs and fermion masses and mixings, the SM Lagrangian has three 
parameters g, g' and v. However, they are not directly measurable. Therefore we take 
the above three observables as the input parameters, from which the SM predictions 
are calculated. The SM values also depend on the top quark mass mt, the Higgs 
mass vrih^ and the strong coupling constant tts, for which the best fit values are^ 

TOt = 172.7±2.8GeV, mjj = 89l^^GeV, ^^(Mz) = 0.1216 ± 0.0017. (32) 

It is interesting that the data favors a light Higgs, with an upper bound of ^ 200GeV 
for the mass at 95% confidence level (CL). 

The SM predictions with the above input parameters agree with the experi- 
mental values very well. The y^ per degree of freedom is 1.1 (excluding LEP 2 
measurements), and only two observables have deviations exceeding 2 cr, -2.4 for 
A°'l and -2.7 ioT gl. 
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Table 1. Relevant measurements 






Notation 


Value 


SM prediction 


Atomic parity 
violation 


QwiCs) 
QwiTl) 


-72.62 ± 0.46 
-116.6 ±3.7 


-73.17 ±0.03 
-116.78 ±0.05 


Muon g — 2 


i(g^-2-f)[10-«] 


4511.07 ±0.82 


4509.82 ±0.10 


i/-nuclcon scattering 


4 
9% 


0.30005 ± 0.00137 
0.03076 ±0.00110 


0.30378 ± 0.00021 
0.03006 ± 0.00003 


v-e scattering 


9K^ 
97 


-0.040 ±0.015 
-0.507 ±0.014 


-0.0396 ± 0.0003 
-0.5064 ±0.0001 



e+e- ^ // 
at Z-pole 



rz[GeV] 

Rl 

K 

R°r 

Rb 
Re 

AO,-r 

Ah 

ib 
jyO,c 



2.4952 ±0.0023 
41.541 ±0.037 
20.804 ± 0.050 
20.785 ± 0.033 
20.764 ± 0.045 
0.21629 ± 0.00066 
0.1721 ±0.0030 
0.0145 ±0.0025 
0.0169 ±0.0025 
0.0188 ±0.0017 
0.0992 ± 0.0016 
0.0707 ± 0.0035 
0.2319 ±0.0012 
0.1514 ±0.0019 

0.142 ±0.015 
0.1433 ±0.0041 



2.4968 ±0.0011 

41.467 ± 0.009 

20.756 ±0.011 

20.756 ±0.011 

20.801 ±0.011 

0.21578 ±0.00010 

0.17230 ±0.00004 

0.01622 ± 0.00025 

0.01622 ± 0.00025 

0.01622 ± 0.00025 

0.1031 ±0.0008 

0.0737 ± 0.0006 

0.23152 ±0.00014 

0.1471 ±0.0011 

0.1471 ±0.0011 

0.1471 ±0.0011 



Fermion pair 

production at 

LEP 2 



AJ.,{f = ,l,T) 

da s/d cos 9 



Ref.il 
Ref.H 
Rcf.'26' 



Ref.iSj 
Ref.El 
Ref.TP 



W pair 



daw jd cos Q 



Rcf. 28 



Rcf. 28 



W mass 



Afw^GcV] 



80.410 ±0.032 



80.376 ±0.017 



Note that the observables hsted in Table [T] are often "pseudo-observables" , in 
the sense that they are not the directly measured quantities in the experiments. For 
example, the LEP 1 experiments measured the cross sections for €^e~ —^ f f at a few 
different center mass energy around the Z-pole. They have all been combined and 
translated to a few quantities at Z-pole. For LEP 2 measurements at various center 
of mass energies, there is no such simplification and therefore the numerical values 
of SM predictions are not listed in Table[Tl Instead, we have given the corresponding 
references. 

The Z-pole observables and several low-energy observables have the best preci- 
sion. They dominate the constraints whenever the considered operators contribute 
to them. Therefore, in the literature, some of the observables in Table [1] are often 
omitted, which does not significantly alter the bounds on the models in consid- 
eration. Nevertheless, there are also operators that cannot be constrained by the 
Z-pole and low energy measurements. As we will see, some of the 4-ferniion opera- 
tors are only constrained by the LEP 2 measurements. The LEP 2 measurement for 
e~^e~ — > W^W^ cross sections also provides us unique constraints on triple gauge 
couplings. 
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4. Calculations 

4.1. General consideration 

We now start to calculate the corrections from operators ([26|) through (|30p to the 
EWPOs listed in Table [1] In other words, we want to calculate the values of X^ in 
Eq. ([3]), which is the leading order contribution to observable X from the operator 
Oi. Before obtaining X^ for each observable X, let us consider in more detail how 
those operators contribute: 

(1) Operators that modify gauge boson propagators 

(a) OwB 

Substituting in the vev oi h, we have 

= -awB^^lsciA^^'A^, - Z'^'^Z^,) + (c^ - s^)A>^-Z,,] 

-awEV^gr'^Wf^W^'^df^B,, (33) 

where we have used Eq. ([9]). From Eq. ([33]), we can identify the corrections 
to the gauge boson propagators 

U'z-y = -awBV^ic^-s"^), n!!^^ = -2avFBW^sc, W^ ^ = '^"■w bv"^ sc. (34) 

After field redefinitions 

Z,,^Z^{l-n'zz)K A^^A^{l-%^)K (35) 

the kinetic terms become canonical and the physical Z mass is shifted to 

M| = A/|o(l + n'zz) = A/|o(l + 2awBV^sc), (36) 

where Mzo = \J 9^ + g''^v/2. Another effect of the field redefinition is that 
the couplings between the physical gauge bosons, 7 and Z , and the fermions 
are modified by a factor (1 + E^^)-^/^ and (1 + H-'zzY^^ respectively. In 
particular, the fine structure constant becomes 

2 2 

a = ^(l + n' ) = ^(l-2aM/i3w'sc). (37) 

47r ' ' 47r 

The mixing term H' ^ makes another correction to the Z-fermion couplings 
in the form 

Ag^ = 2sc\^z^Qf, (38) 

where Qj is the electric charge of the fermion /. 

(b) Oh 

4 2 

ah\h^D^h\''^ah^^Z^Zr (39) 

Id c^ 
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This is a direct contribution to the Z mass: 

2 2 

AA/| = nzz(0) = aft^%. (40) 

8 c^ 

(2) Operators that modify gauge-fermion couphngs 

These operators all contain 2 Higgs doublets and 2 fermions and a covariant 
derivative which affect the Z-fermion couplings gy and g^^ defined in Eq. p3p . 
For example, from 

2 

a^,z(/^ti?^/i)(ly';) + /J.C. = ^Z^(i77^j. + ei7^eL), (41) 

we read 

A.9^ = Ag^ = Agt;. = Ag^^ = -«« T • (^2) 

The corrections from the other operators are similar. Combining all contribu- 
tions, we obtain 

? ? ? 

V V V 

V V V 

^9 A = - Y«M - Y«L + ya/ie: 
9 9 

2 9 

A.9A = -Yaw + yaL, 

IJ V V 

^9V = n'z'jQuisC - Y^hq + y "/ig ~ y Ohu, 

7J 77 f 

AffA = — ^a|q + yflh? + ya/i«, 



Ag^ = n' Qd2,sc-^a^ 



,t 



2 2 2 

A<?A = -y«l9-y4g + ya/i«, (43) 

I'^ given in ([M]) . As mentioned, 
there is also a contribution from the field redefinition of Z for each coupling, 

^9v.A = 2'^VQ,A0^ZZ = glo.AQO-WBSCV^. (44) 

The operators a\i and a\ also modify the M^-fermion couplings: 

g -^ g {l + v^a^i) , (W^ — lepton couphngs), 

5 ^ 5 (l + w^aj,^) , {W — quark couplings). (45) 

(3) 4-fcrmion operators 

These operators simply introduce new vertices involving four fermions. 
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(4) Operators that modify triple gauge boson couplings 

Obviously, Ow is such an operator. The only other one is Owb, which contains 
a term (see Eq. (p3)) ) 

-awBV^9r'''W'"'W'''d^B,. (46) 

These operators alter the cross-sections for e+e^ -^ W^W^ which will be 
dicussed later. 

(5) OeB and O^w are discussed later. 

4.2. Direct and indirect corrections 

Now we consider the corrections to the EWPOs. The corrections can be divided 
to two categories, direct and indirect. To understand the two different kinds of 
corrections, let us write Eq. (I3|) in a different way: 

Xtu = XsM{g. g\ v) + Y, a,X[. (47) 

Here ^SAf (5, 5', ^') is the SM prediction calculated from the Lagrangian parameters 
(7, g' and v. At loop levels, it also depends on a few other parameters, ttij, rrih. and 
as which we take as fixed. 

X[ is the "direct" correction from new Feynman diagrams induced by the opera- 
tor Oi. For example, the four fermion operator {ej^e){q'-ff^q) introduces a 4-fermion 
vertex and therefore a diagram for e~^e~ -^ qq. A correction to the Z-boson coupling 
can also be viewed as a new diagram with a new coupling. 

Less obvious are the "indirect" corrections from the shifts to the input param- 
eters: the SM parameters g, g' and v and therefore XsM{g,g' ^v) are not directly 
accessible. Instead, we derive them from the most precisely measured observables 
(a, M^, Gf)- When calculating the SM predictions Xsm{ci, Mz, Gf), the SM rela- 
tions between {g, g' , v), and [a, Mz, Gf) are assumed. These relations are altered 
when the new operators are included. For example, the operator Oh contributes to 
the physical Z mass. Taking into consideration the shifts, we can express (g, g' , v) 
as functions of both (a, Mz, Gf), and the operator coefficients Ci's. Since Oi's are 
small, we use the linear approximation to obtain 

XsMigiMz, a,)] - XsaMMz)] + ^^^a, = XsaMMz)] + ^^^a,. (48) 

oflj og oui 

For illustration, I have simplified the formula by keeping only one parameter and 
one operator coefficient. Generalizing to three parameters and all operator coeffi- 
cients are straightforward. Note that XsM[g{Mz)] is the SM prediction given in 
the literature, including loop corrections. The quantity ^^" 's§''^i ^^ ^^^ "indirect" 
corrections to the SM prediction due to the presence of the new operator Oi. When 
calculating the indirect corrections, tree level results for i^M. aj^d _£. are sufficient, 
which simplify our calculations. Combining the indirect corrections with the direct 
correction X-, we arrive at Eq. ([Sj given in the introduction. 
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4.3. Corrections to EWPOs 



We start our calculation from indirect corrections, by establishing the relations 
between the parameters in the Lagrangian {g, g', v) and the input parameters [a, 
Mz, Gf)- For convenience, we define 



Gathering the corrections to a and Mz from Eq. (|34p and ((39)) . we have 

e2 

a — —— {1 — 2v'^ sc aws) , (50) 

Ait 

Mz = Mzo{l + v'^scawB + ^a/i)- (51) 

Gp is obtained from muon lifetime, which is determined by the effective Lagrangian 

C = -2V2G_Fei,7^i^eLt',iL7M/^i- 

There are two operators that contribute to the effective Lagrangian, one from the 
4-fermion operator 0*^, and the other one given by the corrections to VF-fermion 
couphngs from 0*^^. Therefore, 

Gf = Gf^ + ^ (2aL - a\i) . (52) 

We can easily solve Eqs. ([5(I| . ([5T|) and ([5^ for g, 5' and v. For a given observable, 
we then substitute the solutions in the corresponding SM expression and expand to 
linear order in a^'s. For example, from 

Mm/ = ^, (53) 

we obtain the corrections to Mw'- 

AMw = 10^ (-1.73a,, - 2.084, + l-04a^i - S.SOaws) , (54) 

where ai is in GeV~^. Then the theoretical prediction for Mw is 

Mw,th = Mw,sM + AMw = 80.376 GcV + AMw- (55) 

Note that the SM prediction Mw,sm is the one given in Table [T] which contains SM 
loop corrections. It is not calculated with the tree level expression, Eq. ([55]) . which 
is only used to calculate corrections from new physics. 

There is no direct correction to Mw, so Eq. ([SS]) contains all corrections to Mw- 
The experimental value of Mw is obtained from both LEP 3^ and Tevatrori ^. 

For other observables, we should add the direct corrections as well. In the fol- 
lowing, we will give both direct corrections and the SM tree level formulae for 
calculating indirect corrections (but omit the obvious step of expanding to linear 
order in ai). 
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(1) Z-pole observables 

The process is e+e^ — > //, which was studied around the Z-pole at SLC 
and LEP 1. SLC also had longitudinal beam polarization. The measured cross- 
sections and asymmetries for different center of mass energies have been trans- 
lated to pseudo-observables at the Z-pole, which can all be derived from two 
basic quantities: the partial decay width oi Z ^ ff, Tff, and the polarized 
asymmetry Aj. They are related to the Z-fermion couplings gy and g^^ defined 



in eq. p3 



487rs2^2 
A. = 2 ^'""'^^ , ■ (57) 



^ff^7^^^(9v +3a). (56) 

9v/9a 

1 + igC/g'A) 

In the above equations, gy = gvo + ^gv and gA = gAo + ^9 A, where gvo and 
gAo are given in (I14p . and Agv and AgA are given in ()43|) . Note that gy and 
gA contain both direct and indirect corrections. From F^^ and Af, we derive 
the following observables: 

(a) Total decay width ^z = ^f T//. 

(b) Total hadronic cross-section 

where Thad is the partial decay width to hadrons and Fee is the partial 
decay width to e+e~. 

(c) The ratios 

Re = r^arf/Fee, Rfj, = T had/^ fj.fj., Rr = ^had/^TT- (59) 

(d) The pole asymmetries ^A , (/ = e,fi,T) related to Af by 



4b = lAeAf. (60) 



(e) The polarized asymmetries Ae, A^, At from both LEP 1 and SLC. 

(f) Heavy flavor observables including 

^6 — ^bbl^had, Re = ^cc/^had, A ^\ , Ay'j, , Afc, Ae- (61) 

(g) Hadronic charge asymmetry {Qfb)- The result is translated to the leptonic 
effective electroweak mixing angle. 

Note that at the Z-polc, the denominator of the Z propagator is dominated 
by iMz^ Zi which is imaginary relative to the 4-fermion operator contributions. 
Therefore, 4-fermion operators do not interfere with the Z-pole measurements 
and there is no contributions linear in the corresponding a^'s. 
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(2) j/-Nucleon scattering 

This includes a variety of deep inelastic experiments performed at CDHy^ 



CHARmSH, CCFrSS and NuTeWS. The experiments measured cross sections 
for both the neutral current (NC), v^ + N ^r v^-^ N , and the charged current 
(CC) v^-\- N ^f ii-\- X. The experimental results are usually translated to the 
effective couplings between the Z boson, and the up and down quarks: gL,eff: 
9r efp 9l eff ^^'^ 9r eff They are effective in the sense that they only apply 
to the z/-nucleon scattering observables. Since that these experiments were per- 
formed at energies far below the Z-polqj, the effective couplings receive contri- 
butions from both 4-fermion operators and operators modifying gauge-fermion 
couplings. In order to cancel out uncertainties from the strong interaction, what 
is measured is actually the ratio between the NC and the CC cross sections. 
Therefore, both corrections to the NC and CC need to be considered. 
For the CC, comparing the effective Lagrangian in the SM 

CJI = -2V2Gf (l7^L7^Aii)(dL7MWi): (63) 

and the one with new operators 

Cj^ = [-2\/2Gfo(1 + aiiv^ + ai^) + 2a[J (T7^L7VL)(rfL7/.WL), (64) 
we see that it is modified by an overall factor 



_ Gfo 

^ CC — 



G 

The effective Lagrangian for the NC is 



il + aiy + aiy)-^^ 



2V2G/ 



(65) 



where 



g2 

Z q 

+aidii^^LY'i^^L){dRlfj^dR), (66) 

q _ 9v + 9a a _ 9v ^ 9a /R7N 

9l — 2 ' ^^ ~ 2 ' 
Note that gy = g\ holds for all new operator contributions. Therefore, all 
new physics contributions can be absorbed in the effective couplings g^ ptt and 

u,d 
9R,eff^ 

^NCeff = -2V2GFt7^L7^J/^L Yl (9l,eff^Llt^qL + g%eff'^Rlt^9R)- (68) 
*^However, note that the resuhs have been renormahzcd to the scale of Mz- 
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with 



« ^ 1 Gfo M|o 
^^'^/^ Fee Gf Ml 



1 GfoMJ 



^^•^^■^ Fee Gf Ml 

u _ 1 Gf{) M^q 
3R^^ff Fee Gf Ml 

d ^ 1 Gfo -^Io 
^"^'ff Fee Gf Ml 



2^^" 9l 



^97 at 



297 9l 



^gv'ia'k 



% 



% 



2\2Gf '2.\2Gf 



Hq 



-Iq 



2\/2Gf 2\/2Gf 

2V2Gf 

aid 
2V2Gf 



(69) 



The measured quantities are expressed in terms of the effective couplings: 

9l^gl%ff+gteff, 9R^9teff+9R,eff (70) 

(3) ly-e scattering 

ly — e scattering was performed at CHARM 11"^ . Similarly, the corrections are 
obtained by considering the effective Lagrangian: 



^•^e,eff = -V2GF'yLl'"'^Le'yf,{gv%ff - 9A,eff'y^)e, 



(71) 



where 9Y%ff and 9'Aeff ^'^^ measured in the experiment and related to our 
operators as 



9v,eff 



MIq Gfo^^ 



Ml Gf 



2ff^ 9v 



a-ie 



2\'2Gf 2\/2Gf 2\/2Gf 



aie 



9A,eff - -Ml^^av [9a - ^g^^ + ^^^ . 2^^^ 



(72) 



(4) Weak charge 

The weak charges for Cs and Tl are measured in the atomic parity violation 
experiments -^ -'^^. The effective Lagrangian is conventionally written in terms 
of G\q and Giq. 



G 



^ = ^E [^i?(^"^''^'^)(^7p'Z) + C2,(e7''e)(97p7'9)] 



(73) 



We only need the corrections to Ci„ and Cu'- 

I 



Ciu — -^ V7t'29\9v 



C\d 



Gf Ml 

Gfo ^zq , 
Gf Ml 



'29A9V + 



2^/2Gi 
I 



•-Z 2v2G_F 

Then the weak charge is given by 



'{^a\q + O-iq + aeu + aeq — aiu), 

{-a^q - a\q + fled + fleg - aid). (74) 



Qw{Z, N) = -2[(2Z + N)Ciu + {Z + 2N)Cu], 



(75) 



where Z and N are respectively proton number and neutron number of the 
atom. 
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(5) e+e" -^ fj at LEP 2 

The observables are differential cross-sections for fermion pair production. In 
the following, we will give the formulae for the matrix elements from which 
the cross-sections can be calculated. Unlike LEP 1, LEP 2 experiments were 
performed above the Z-pole, therefore, 4-fermion operators also contribute. 

(a) e+e- -> //(/ ^ ej^l 



M = Mz + Mj + Mi-ferrm 



=2 



l^vip')ri9v - lh\)u{v)u{k)^Mv - 7'5^)«(fc')] 



[p + v'f - Ml + iVzMz 4c2 

ip + p) 

+ai[v{p')j'^u{p)][u{k)jf_,v{k')] 

+a2[v{p')j'^j^u{p)][u{k)j^v{k')] 

+a3[v{p')j''u{p)][u{k)j^-/\{k')] 

+aMp')riHp)Mkh^.l'vik% (76) 

where p,p' , k, k' are the momenta of the incoming e^e^ and the outgoing 
fermions. Mz and M.~f are s-channel contributions from Z and photon 
exchange. Mi^fermi denotes contributions from 4-fcrmion operators, where 
depending on the fermion /, the couplings 01,02,03,04 are related to the 
operator coefficients by 

alp = l/4(af; - a\i + 2o;e + Oee), 

a2p = l/4(-a?i+a«+aee), 
a3p = l/4(-of;+aJ,+aee), 
a4p = 1/4 (of; - a\i - 2o,e + a^e); (77) 

ol„ = l/4(af^ - O;^ -I- aiu + Qeq + Oe„), 

o2„ = l/4(-ofg + ajq - aiu + a^q + a^u), 
o3„ = l/4(-ofg + a\q + aiu - a^q + aeu), 
aAu = 1/4 (af^ - o*^ - a/„ - Ueq + aeu); (78) 

aid = l/4(afg + ajq + au + a^q + aed), 

a2d = l/4(-af^ - o*^ - aid + a^q + aed), 

aid = l/4(-afg - a*g + aid - aeq + aed), 

a4rf = l/4(af^ -j- a\^ - au - aeq -f Oe^)- (79) 

(b) e+e- ^ e+e-l2Sl 

For f — e, there are extra contributions from i-channel diagrams. The 
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matrix element is 

M = My + Mz + Mi-ferrni 

e^ _ , 



r2 , .T._,,.r_.„2„2-^W7''(5^-7'5^)«(p)^(y)7M(5^-7'5l)«(fc') 



+ai[u{k)^^u{p)v{p')j^v{k') - v{p')j''u{p)u{k)^^v{k')] 
+a2[u{k)j^j^u{p)v{p')"ff^v{k') - v{p)j'^"f^u{p)u{k)"ff^v{k')] 
+az[u{k)^^u{p)v{p)^^'y^v{k') - v{p')^^u{p)u{k)^fj,^'^v{k')] 
+a4[u{k)'y''-f^u{p)v{p')j^j^v{k') - v{p')j''j^u{p)u{k)jf,j^v{k')], (80) 

where 

al = l/4(af; + a^ii + 2aie + flee) 

a2 - l/4(-af; - aji + Uee) 

a3 = l/4(-af; - aji + Uee) 

a4 = l/4(af; + aj, - 2aie + flee). (81) 

(6) e+e- ^ VF+T^- at LEP 228" 

There are two diagrams contributing to this process, one with t-channel neutrino 
exchange and the other one with s-channel 7 or Z exchange. The former involves 
M^-fermion couplings and therefore receives corrections from (1451) . The 7 or Z 
exchange diagram involves triple gauge boson couplings, which are modified by 
the operators Owb and Ow- The relevant couplings are given by 

AC = iawBv'^gW+W~{cA'''' - sZ'''') + 6iawW-''W+^{sA'<^ + cZ^). (82) 

The tree-level differential cross-section for e+e^ -^ W^W' is calculated in 
Ref. [37] for arbitrary triple gauge boson couplings, which are parametrized as 

gwwv A^ '^ ^ 



i\ 



+iKvW+W-V^'' + -^W+^W-'-V^^, (83) 



A2 



X 



where V = j, Z and gww-y = —g, gwwz — —ec/s. Our effective couplings, 
Eq. (|82p . correspond to the terms multiplying kv and Ay. To obtain the cross- 
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section we substitute 



IS.K = awB, 

s 

V s 

Ak2 = awB, 

c 

,2, 



AA^ = AAz = ^avy. (84) 



2 

where A's d enot e the deviations from the SM values. 
(7) Muon g - d^ 

As mentioned, the operators OeB and Oew contribute to g^ — 2 at tree level, 

2\/2uTO^ 2\/2vm^ 

an = Gew ; aeB- (85) 

9 9 

Due to the high precision of this measurement, these corrections certainly can- 
not be introduced at tree level for TeV scale physics. Therefore, one should 
assume aeB and Uew vanish and consider loop corrections from the other op- 
erators. These include corrections to the SM loop diagram from shift of input 
parameters, and corrections from new loop diagrams induced by the effective 
operators. This has been done in Ref. 1251 In this review, we will simply assume 
that all corrections have been absorbed into aeB and aew and put constraints 
on them using Eq. ([85|l . 

5. Constraints 

The constraint on each individual operator is given in Table [2l The bounds on OeB 
and Oew is calculated from muon g — 2 with experimental values given in Table [T] 
Bounds on the other operators are taken from Ref. 1141 

Table 2. Bounds on operator coefficients at 90% CL. 
The operator coefficient ai is bounded by the interval 
[— 1/A^j^, 1/A^^^], except for a^g and a^w which are mul- 
tiplied by an extra factor of g'trrifi/KiiT^v and gm^/16-K^v 
respectively. The A^ (in TeV) shown in the table is the aver- 
age of Krnin and Amax ■ When calculating each A^ , all other 
operator coefficients are set to zero. 



o. 


K 


o. 


A> 


0^ 


A, 


Oi 


Ai 


OwB 


12.6 


Oh 


6.8 


Oh 


3.6 


o\, 


8.8 


Of„ 


5.4 


ol 


6.2 


Oie 


4.3 


Oge 


5.5 


Olu 


3.8 


Ou 


4.0 


Oe. 


3.5 


o%. 


4.3 


o,d 


3.9 


Oh 


11.6 


Oil 


11.5 


oi, 


6.4 


OU 


9.2 


Ohu 


4.5 


Ohd 


4.3 


Ohe 


9.7 


Ow 


0.9 


OeB 


0.4 


Oew 


0.4 







From Table[2]we see that many of the operators are tightly constrained. At 90% 
CL, there are still quite a few bounds around 10 TeV, which manifest the "LEP 
paradox""^. 
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The operator Ow is not constrained as well as others, due to the low statistics 
in the measurement of e+e~ -^ W~^W~ cross sections. Therefore, in the literature, 
this measurement is often neglected from the list of EWPOs. Nevertheless, it gives 
the unique constraint of O(TeV) if the new physics only modifies the triple gauge 
couplings. 

We also see from the bounds on a^B and aew that, the muon g — 2 measurement 
does not give us stringent constraints if the new physics contribution is suppressed 
by a loop factor and the muon mass. See Ref.[25]for exceptions, as well as an analysis 
for the non-linear case. 

Although it is clear from Table [2] how well each of the operators is constrained, 
in practice, constraints on individual operators are not useful. The reason is that we 
usually obtain multiple operators when the new physical states are integrated out. 
Their contributions to the observables are correlated. Therefore, in order to obtain 
the bounds on a new model, the full x^ distribution should be used. Including 
experimental correlations, Eq. (j4|) is modified to 

X\a,) = E(^''.(«*) - ^e%)('^')p7(^*'J«0 - ^e%), (86) 

p, 

;he error m( 
correlation matrix ppq as 



where a^ is the error matrix, defined from the standard deviations ap and the 



'^pq = f^pPpqf^q- (87) 

The numerical result of the x^ distribution, for operators (P5)) - (P5|) . is given in 
Ref. im After obtaining the x^ ; it is straightforward to calculate constraints for a 
given model once the heavy particles are integrated out and the coefficients a^'s are 
obtained. See Ref. HT]H51 for a few examples on the little Higgs models^ and models 
with a warped extra-dimension. 

6. Discussions 

6.1. Oblique corrections 

The oblique corrections are modifications to the gauge boson propagators. We dis- 
cuss in this section the relations between the oblique parameters and the effective 
operators. 

6.1.1. S, T andU 

The well known S, T and U parametergJ^ are defined by 

2 2 

Ml, Ml ' 

^(5 + c/) = nWw-^n'^7-n;^. 
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where the corrections only include new physics contributions. In our framework, the 
operators Oh and Owb modify gauge boson propagators. Comparing with Eqs. (p4|) 
and (I40p . we have 

S= , T ^ --—ah, [/ = 0. (89) 

a la 

We see that except for some constant factors, S and T are equivalent to awB and 
ah- Moreover, there is no dimension-6 operator corresponding to the C/ parameter. 
It turns out that the dimcnsion-8 operator (h^W°'^^K)(h'^W°;.^,K) corresponds to the 
V parameter. By our power counting, its contribution is negligible. This explains 
why U parameter is usually not significant in weakly coupled extensions of the SM. 
Nevertheless, as we will see, in the non-linearly realized electroweak symmetry case, 
U can be important due to a different power counting. Therefore, we discuss below 
the corrections from the I] parameter to the EWPOs. 
From Eqs. ((88|) . we have 

Oi 

When ^'lyyy = 111^3^3, which corresponds to multiplying the kinetic term 
— W'^'^Wfj.,j/4: in the SM Lagrangian by an overall factor, there is no visible cor- 
rection. Therefore, we can always trade n'^3^3 for 11'^^^;^,, which can be absorbed 
into field redefinition of W~^ and W~ : 

W+^W+il-U'yyn^)^. (91) 

The field redefinition affects the W mass, 

AM^ = M^n'^^ ^M^^^ (92) 

and W^-fermion couplings 

all 
g^9{l + ^). (93) 

Note that U docs not affect low energy experiments such as muon lifetime (Gp) or 
charged current in DIS experiments because the matrix element is proportional to 
g'^/M^, where U cancels out. 

As shown in Ref. [TJ the S, T and U parameters are related to other parameters 
(5„/,^,i,jISHiaas 

T = hv = ei/a, 

S = Hav = Sz = 4s^e3/a, 

U = Haw - h-Az ^ Sw - Sz = -4s^e2/a, (94) 

which can be used to relate our operators to these parameters as well. 
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6.1.2. W andY 



The list of oblique parameters is extended in Ref. [22]to include two more important 
parameters: W and Y . In the effective theory language, these parameters correspond 
to the dimension-6 operators 

OBB^\{dpB^,)\ Oww = l{DpW;,f. (95) 

By Bianchi identities such as dnB^^A-d^B^p+d^Bp^ — 0, they are equal to {d^B"'^)^ 
and [D^W^^"")^ respectively^. These operators are not independent from other 
operators defined in Ref. 6, They can be related by the equations of motion. Squaring 
Eqs. ([7]) and ([5]), we see that each of Oww a-nd Obb is equivalent to a combination 
of operators already included in out list. 



6.1.3. Disguise the oblique corrections 

Another interesting consequence of the equations of motion is that, they can be 
used to "disguise" the oblique corrections!^, that is, transfer oblique corrections to 
equivalent non-oblique corrections. Multiplying Eq. ([7]) by {iK^a°'D'^h + h.c.) and 
Eq. jg by {ih^'D'^h + h.c), we have 

^^OwB + 2g'Oh + g'Olf = 2iB^,D^h^ D'^h, 

-g'OwB + g{Oii + Oi^) = AW-^^D^^h^a-D'^h, (96) 



where we have neglected operators that do not contribute to EWPOs, and Oj^t = 
Y^f YfOlj = iO^^ - iO^; + ^Ohu - |0m - Ohe- The left-hand side of Eqs. m 
is the two oblique operators corresponding to S and T, plus operators that modify 
gauge-fermion operators. The right-hand side is two operators that modify triple 
gauge boson couplings, which is only constrained by e+e" -^ W^W~ cross sections. 
Therefore, the combinations of operators on the left-hand side of Eqs. (|96p are 
relatively weakly constrained. If e+e~ — > W^W~ data is neglected, there are no 
constraints at all. Similar observations for the non-linear case is made in Ref. l44l 

The merit of the oblique parameters is that they are all stringently constrained 
by the experiments. When the new physics corrections are all oblique or the non- 
oblique corrections are sub-dominant, it is sufficient to consider oblique parameters 
only. Nevertheless, we see from Table [5] that some non-oblique operators are con- 
strained as tightly as the oblique parameters, which are indispensable if appearing 
in the effective Lagrangian. In this case, an analysis using the full set of operators is 
required. Alternatively, one may use a subset which contains the most constrained 
operators (or operator combinations) and still get sensible constraints^. 

6.2. Relax the flavor symmetry 

So far, we have always assumed flavor universality for the effective operators. Al- 
though it is convenient and arises in many models beyond the SM, it is not necessary. 
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Bounds on flavor violation for the first two generations are very stringent, therefore 
it is hard to break universality for the first two generations without introducing 
confiicts with the experiments. However, it is possible to break flavor universality 
for the third generation. This is due to two reasons. First, the precisions of exper- 
iments involving the third generation is not as good as the first two generations. 
Second, in the CKM matrix, the (13) and (23) components are much smaller than 
the (12) component. Therefore the gauge eigenstate is approximately aligned with 
the flavor eigenstate in the third generation. 

Given the above observation, it is possible that the new physics couples to the 
third generation differently from the first two generations, see Ref . l46l and l47l for a 
few examples. Accordingly, the fiavor symmetry must be relaxed, which alters the 
counting of the effective operators. We remind the reader that in Ref. JLil flavor 
universality is guaranteed by imposing a C/(3)^ symmetry. This flavor symmetry is 
relaxed in Ref. [15] to \U{2) x C/(l)]^, with the t/(2)'s acting on the first two gen- 
erations and t/(l)'s the third. Correspondingly, the operators in ([26| - (|29p are still 
present, but the fermions q, I, u, d and e are contracted over the first two genera- 
tions only. In addition, there are new operators involving only the third generation. 
Denoting the third generation fermions by Q, L, b and r, these are 

(1) Four-fcrmion operators: 

OtQ = {iri){Ql^.Q), 0\q = Qro'^imi^a^Q), 

OLe = (LrL){ej^e), Oir = ilri){ri,.T), 

Oqe = (Q^QKeif^e), Oit - (It^OI^Tm^), 

Oer = in^e){T^^T), Oeb = (bt'^c) (67^6); (97) 

(2) Operators modifying gauge-fermion couplings: 

OIl = i{h''D''h)(L-f^L) + h.c, O,',^ = i{h^a''D''h)(L-ff,a''L) + h.c, 
OIq = iih^Dt'h){Q-f^Q) + h.c, OIq = i{h^a''D''h)(g-i^a''Q) + h.c, 
Ohr = i{h^D^'h){T-f^,T) + h.c, Ohb = iih^D^h){bj^b) + h.c. (98) 

There are fewer experiments involving the third generation than the first two. In 
particular, top quark never appears in the final state of any EWPTs. There is no 
i/r-nucleon or z/^-lepton scattering experiment either. Consequently, there exist "flat 
directions" , that is, combinations of operators that do not contribute to EWPOs 
and therefore are not constrained. These flat directions are expressed as the relations 
between the operator coefficients: 

s t 

a-iQ = —o-iQ, o-Le = —aiT, 
aiL = -4l, a,hQ = -(Aq- (99) 
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6.3. Non-linear case 



If electroweak symmetry is broken by new strong dynamics, the SM model is de- 
scribed by the non-linear chiral Lagrangian 

C = -^Bt^^B^, - ^W'^-'W^, + ^TviiD^UyiD^U)], (100) 

where C/ is a dimensionless unitary unimodular matrix field transform as a bi- 
fundamental under SU{2)l x SU{2)c- Here SU{2)c denotes the custodial SU{2). 
The covariant derivative of U is defined by 

D^U = ^^U + ^g^W;U~^g'U^B^. (101) 

For convenience, we also define 

V^ = iD^U)W, T=Ua^U, 
% = iD^W)U, f = a3. (102) 

Compared with the linear case, the light Higgs is absent from the Lagrangian. 
Therefore, the SM predictions are different from those listed in Table [1] but can 
be estimated by taking the Higgs mass to a large value in the linear case. To the 
leading order, the corrections from a different Higgs mass are given hy^ 




For more accurate results, one can use the program GAPpI^, dedicated to the 
calculations of the SM predictions. 

The difficulty of a strongly coupled electroweak sector is that, the coefficients of 
the effective operators below the electroweak symmetry breaking scale is generally 
not calculable. Nevertheless, once we do obtain the coefficients, which should be 
small enough to not confiict with the experiments, the rest of the calculation is 
analogous to the linear case. 

Assuming CP conservation, we enumerate effective operators in the chiral La- 
grangian, up to dimension-6, and consider their contributions to the EWPOs. The 
discussion follows Ref . [9] and HH 

There is one dimension-2 operator in addition to the kinetic term of U in (|100p : 

A = ^/5i[Tr(Ty^)p. (104) 

Going to unitary gauge by setting U — diag(l, 1), we obtain a shift to the Z mass 

AMl = -^P,v\g'+g''). (105) 

Therefore, Pi is equivalent to the T parameter: 

aT = 2/3i. (106) 
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At diniension-4, 
and U: 


there 


are 


11 independent operators 


involving 


only 


gauge 


bosons 






Ci 


= ^aigg'B^^TriW^' 


T), 














C2 


= '-a.2g'Bf^''TT{T[V^ 


K]), 
















^ta3gTT{W^AV'',V 
- 04 [Tr(T/^K)]' , 


-]), 











Ce = a6TT{V^V,)TTiTV^)TT{TV'') 
£7 = ajTT{Vf,V'')TiiTV'')TT{TV^) 

Cs = as]g^TT{TW^,)]\ 



£9 = '-a9gTY{TW^,)TT{[V^,V'']T), 

£10 = law [TviTVnTv{TV,,)f , 

£11 = aiige''''P^TT{TV^)TT{V,Wpx). (107) 

These operators can modify the gauge propagators, as well as gauge boson self 
couplings. We identify the operators corresponding to S and U: 

5 = -167rai, U ^ -Idnas. (108) 

Unlike the linear case, the U operator arises at the same order as the S parameter. 
The triple gauge couplings defined in Eq. ([551) ^i'^ modified as 

.gf - 1 = -^ nPi + -YT^ ^T^'^^i + ^^^^"3, 

c^ — s c (c — s^) s c 

57 - 1 = 0, 

K2 - 1 = -^ nPi + -irr-^ Tp-e^ax + ^e^(ai - a2) + ^e^(a3 - as + ag), 

c — s c (c — s ) c s 

1 2, 

K7 — 1 = — e (— ai + q;2 + as — as + ctg), 

55"" = ^^eVi, 55^ = 0. (109) 

There are 6 dimension-4 operators containing two fermions: 

-6 



4 = zfjiY'TV^ffR, (110) 
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where f = l,q. Obviously, these operators affect gauge-fermion couplings, analogous 
to the operators in Eq. (p7)) for the hnear case. 



6.4. Light states and loop corrections 

Due to the stringent constraints shown in Table [H if the new physical states con- 
tribute to EWPOs at tree level, the constraints on their masses are usually more 
than a TeV. In this kind of models, there is a clear energy scale that separates the 
SM fields and the heavy states and therefore an effective theory below that scale is 
well defined. This is where the effective theory method finds their best use for. 

There are also a variety of models that new physics contributions to EWPOs 
do not appear at tree level. The most extensively studied minimal supersymmetric 
standard model (MSSM) is one example. In recent years, the list has been extended 
to include universal extra dimensions with KK parity^, little Higgs models with 
T parity^ and so forth. In these models, interactions involving new particles must 
include even number of such particles and therefore only contribute to EWPOs 
at loop levels. The loop factor suppression makes it possible to have very light 
new particles comparable to the Z mass, and still pass the electroweak precision 
constraints. 

Although stringent constraints from EWPTs have been avoided, sometime one is 
interested in how light the new states are allowed. In principle, the effective theory 
breaks down because the new physics does not decouple from the SM. Nevertheless, 
since the EWPTs do not have new particles in the initial or final states, the loop cor- 
rections can often be written in the form of effective operators. In some cases, there 
are a few such operators dominating the loop corrections, which greatly simplifies 
the calculations. We have already seen an example: the corrections of a different 
Higgs mass can be absorbed to the S and T parameters. As a more complicated 
example, in Ref. l51[ it is shown that the major corrections for certain supersymmet- 
ric models can be encoded in the oblique parameters S, T, W and Y. For another 
examples, in Ref. [52l the loop corrections to the S, T, U and Ag'[ parameters and 
4-fermion operators are calculated for the littlest Higgs model with T-parity. 
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